ABSTRACT SAGERS, RICHARD D. (Brigham Young University, Provo, Utah), MOSHE BENZIMAN, AND SIGRID M. KLEIN. Failure of arsenate to uncouple the phosphotransacetylase system in Clostridium acidiurici. J. Bacteriol. 86:978-984. 1963.-The conversion of pyruvate to acetyl phosphate by extracts of Clostridium acidiurici required coenzyme A (CoA), an electron-carrier system (ferredoxin and nicotinamide adenine dinucleotide), and a divalent metal. Other cofactors may be involved but are not presently defined. The metal activates the system transferring acetyl units between CoA and phosphate. Acetyl CoA could be generated from pyruvate or from acetyl phosphate, but in both cases arsenate failed to uncouple the highenergy acyl compounds. The rate of acetyl transfer between acetyl phosphate and CoA was markedly decreased by 0.005 M arsenate, but the generation of acetyl CoA from pyruvate was essentially unaffected until the arsenate concentration exceeded 0.02 M. Close agreement was observed between the amount of pyruvate utilized and the amount of acetyl phosphate formed, both in the presence and absence of arsenate. The CoA-dependent exchange of P8204R with acetyl phosphate proceeded at a rate approximately one-eightieth of the rate of acetylation of CoA, indicating an equilibrium value for the phosphotransacetylase reaction similar to that observed for Clostridium kluyveri. The failure of arsenate to uncouple the C. acidiuric enzyme may indicate a high degree of specificity in relation to the acetyl unit acceptor, giving preference to phosphate over arsenate.
a divalent metal. Other cofactors may be involved but are not presently defined. The metal activates the system transferring acetyl units between CoA and phosphate. Acetyl CoA could be generated from pyruvate or from acetyl phosphate, but in both cases arsenate failed to uncouple the highenergy acyl compounds. The rate of acetyl transfer between acetyl phosphate and CoA was markedly decreased by 0.005 M arsenate, but the generation of acetyl CoA from pyruvate was essentially unaffected until the arsenate concentration exceeded 0.02 M. Close agreement was observed between the amount of pyruvate utilized and the amount of acetyl phosphate formed, both in the presence and absence of arsenate. The CoA-dependent exchange of P8204R with acetyl phosphate proceeded at a rate approximately one-eightieth of the rate of acetylation of CoA, indicating an equilibrium value for the phosphotransacetylase reaction similar to that observed for Clostridium kluyveri. The failure of arsenate to uncouple the C. acidiuric enzyme may indicate a high degree of specificity in relation to the acetyl unit acceptor, giving preference to phosphate over arsenate.
Uncoupling of high-energy acetyl compounds by arsenate has been employed in the assay for phosphotransacetylase from a number of bacterial species (Stadtman, Novelli, and Lipmann, 1951) . In this reaction, acetyl phosphate serves as a donor for the acetylation of coenzyme A (CoA). In the presence of arsenate, CoA transfers its acyl group to arsenate forming an unstable complex which immediately decomposes. The rate of the reaction may be determined quantitatively by measuring the rate of acetyl phosphate disappearance.
In the catabolism of uric acid by Clostridium acidurici, acetate is an end product with pyruvate occurring as an intermediate (Sagers, Benziman, and Gunsalus, 1961) , and the degradation of pyruvate is dependent on CoA. It was postulated that acetate generation might involve the formation of acetyl CoA and acetyl phosphate, and that a phosphotransacetylase might be present. When cell-free extracts of C. acidiurici were tested for phosphotransacetylase activity by the arsenolysis assay by use of catalytic amounts of CoA, no measurable activity was observed. It was determined that acetyl CoA was generated from acetyl phosphate or from pyruvate at a rapid rate when substrate amounts of CoA were added to the system. The addition of arsenate, however, did not result in an overall disappearance of high-energy acetyl groups as would be expected. The purpose of the present study was to define the catabolism of pyruvate by C. acidiurici, and to determine the properties of the enzyme responsible for the transfer of acetyl groups between CoA and phosphate. A preliminary report of portions of this work has appeared .
MATERIALS AND METHODS Cells of C. acidiurc were grown, and extracts were prepared as described previously (Benziman, Sagers, and Gunsalus, 1960) , with the exception that a newly designed cell homogenizer was employed (Sagers, 1962 Because the C. acidiurici phosphotransacetylase does not catalyze the decomposition of acetyl CoA by arsenate as observed for the corresponding enzyme from C. kluyveri, Escherichia coli, (Stadtman et al., 1951) , and Diplococcus glycinophilus Sagers and Klein, 1962) , it was necessary to measure the transfer of acetyl groups more directly. This was accomplished by the addition of substrate levels of CoA or pantetheine, and determination of the enzymatic transfer of acetyl groups from acetyl phosphate to these acceptors. The heat-and acid-stable thioesters (Stadtman, 1952b ) thus generated were measured by the hydroxamate method mentioned below after heating samples of reaction mixtures in 0.1 N HCl for 6 min to destroy the acetyl phosphate. In cases where large quantities of acetyl acceptor were required (as during the fractionation procedure), pantetheine was substituted for CoA. This compound was less efficient (5 to 10%) than CoA as an acetyl acceptor, but, because of the high specific activity of the phosphotransacetylase, satisfactory quantities of acetyl pantetheine were readily generated during the short reaction periods.
Acetyl phosphate, acetyl CoA, and acetyl pantetheine were determined colorimetrically by the hydroxamate method of Lipmann and Tuttle (1945) . Acetyl CoA was visualized on paper chromatograms according to the method of Stadtman (1952b) . Reduced glutathione, which was added to the enzyme fraction prior to storage and to some reaction mixtures, was entirely ineffective as an acetyl unit acceptor under the conditions employed.
Pyruvate was determined by the direct method of Friedemann and Haugen (1943 Enzymatic reactions, carried out in final volumes of 1.0 ml, were initiated by adding the substrate after a 5-min period of enzyme activation and temperature equilibration, and stopped either by adding 1 ml of 2.5 X 10-3 M neutral p-hydroxymercuribenzoate or by placing the samples in an ice bath and adding 0.5 ml of cold 5% trichloroacetic acid.
RESULTS AND DISCUSSION
The conversion of pyruvate to acetyl phosphate by extracts of C. acidiurici requires CoA, ferredoxin (Valentine, Brill, and Sagers, 1963) , an electron acceptor (nicotinamide adenine dinucleotide or a dye), and a divalent metal. Other cofactors, possibly thiamine pyrophosphate and lipoic acid, may be involved (Sagers et al., 1961) To confirm the site of action of the divalent metal and to study other properties of the enzyme responsible for the transfer of acetyl groups between CoA and phosphate, the partially purified fraction described in Materials and Methods was used. During storage or during the fractionation procedures employed, the phosphotransacetylase activity entirely disappeared from the extracts and fractions. Reactivation was readily accomplished, however, by the addition of ferrous iron (Fig. 2) . The marked dependency of the C. CoA, 0.1; reduced glutathione, 10; ferrous sulfate, when added, 0.2. Then, 20,umoles of pyruvate and 10 ,umoles of triphenyltetrazolium were added (final vol 1.0 ml). The reaction mixtures were incubated for 15 more min, and assayed for acetyl phosphate after centrifugation to remove reduced triphenyltetrazolium. The C. klyveri phosphotransacetylase fraction was purified 70-fold and free of activity converting pyruvate to acetyl CoA. (Fig. 3) ; it is significant to note that even in the presence of relatively high concentrations . Furthermore, the cation effects described by Stadtman (1952a) were observed with D. glycinophilus, but such effects were not apparent with C. acidiurici extracts.
Evidence that arsenate exerts its inhibitory effect on the phosphotransacetylase to a greater extent than on the system converting pyruvate to acetyl CoA is indicated in Fig. 4 . In this case, acetyl CoA accumulation continued essentially unretarded at arsenate concentrations which produced marked inhibition of acetyl phosphate formation. In Fig. 4 CoA was supplied in substrate amounts, whereas in Fig. 3 of Lipmann and Tuttle (1945) on unheated samples of reaction mixtures. The amount of acetyl thioester generated was measured by the same method after heating samples in 0.1 N HCI for 6 min to destroy the residual acetyl phosphate. Reactions were carried out both in the presence and in the absence of arsenate. Acetylation of pantetheine proceeded at a rapid rate in the absence of arsenate and at a slower rate in the presence of arsenate, but regardless of the presence or absence of arsenate the total amount of acyl compounds (the sum of acetyl pantetheine plus acetyl phosphate) did not decrease during the period of the reaction (Fig. 6) . When the experiment was repeated with substrate amounts of CoA (Fig. 7) 
